Despite recent advances in the development of targeted therapies, DNA damaging agents such as ionizing radiation and platinum-based chemotherapeutic drugs continue to play a major role in cancer treatment. Cisplatin \[cis-diamminedichloroplatinum (II)\], the first platinum-based anticancer agent to be introduced, is in wide clinical use, in particular in the treatment of testicular and ovarian cancers, as well as small cell lung cancer[@b1]. Cisplatin analogues including carboplatin \[*cis*-diammine(1,1-cyclobutanedicarboxylate)-platinum(II)\] have been developed, with reduced side-effects and improved selectivity towards cancer cells[@b1]. However, further investigation of the cellular processes that modulate the response of human cells to platinum-induced DNA damage is required, in order to understand the basis of platinum resistance, the development of secondary tumours in surviving cells, and to identify novel targets to potentiate the cytotoxic effects of these agents[@b2].

Cisplatin and carboplatin induce DNA damage in the form of monoadducts, as well as intrastrand and interstrand cross-links (ICLs), primarily at guanine residues[@b3]. While the cytotoxic effects of platinum-based drugs are largely attributable to the formation of ICLs, the majority (\>90%) of platinum adducts in the DNA are intrastrand adducts rather than ICLs[@b4][@b5]. Platinum-DNA adducts block both transcription and DNA replication, leading to cell cycle arrest and cell death[@b3]. The process of translesion synthesis (TLS), a cellular DNA damage tolerance pathway that allows cells to continue DNA replication in the presence of unrepaired damage in the genome, may contribute to tumour cell survival following platinum-induced DNA damage[@b1].

TLS is carried out by specialized, low-fidelity DNA polymerases, including DNA polymerase η (polη), a 78 kDa protein encoded by the human *POLH* gene[@b6][@b7][@b8]. Mutations in *POLH* underlie the skin cancer-prone genetic disease xeroderma pigmentosum variant (XPV)[@b6][@b7]. Polη normally carries out error-free replication at sites of UV-induced di-thymine cyclobutane pyrimidine dimers (CPDs)[@b9]. In the absence of polη in XPV patients, mutations accumulate in the genome as a result of error-prone lesion bypass carried out by other DNA polymerases[@b10][@b11]. In addition to the major biological role of polη in bypass of CPDs, it also plays a role in cisplatin tolerance. Consistent with this, purified polη can bypass the most abundant cisplatin-induced intrastrand guanine-guanine adducts *in vitro*[@b9][@b12], and human cells lacking polη are more sensitive to platinum-based drugs[@b13][@b14][@b15]. While there is evidence that polη can also bypass interstrand platinum-DNA adducts in an error-prone fashion *in vitro*[@b16][@b17] other studies indicate it is dispensable for the processing of cisplatin-induced ICLs *in vivo*[@b18].

Activation of the DNA damage response (DDR) plays an important role in determining the outcome of replication arrest induced by DNA damaging agents[@b19][@b20]. Replication arrest and DNA strand break formation activate phosphatidylinositol-3-kinase-related protein kinases (PIKKs) which phosphorylate downstream target proteins to orchestrate the DNA damage response[@b20][@b21][@b22]. It has been previously shown by our group and others that following treatment with platinum-based drugs, DNA damage response signalling is enhanced in cells lacking polη[@b15][@b23][@b24]. In the present study, we have used DNA combing to directly investigate the effect of polη-deficiency on replication of genomic DNA containing platinum lesions *in vivo*. We show that in the absence of polη, the length of nascent DNA strands is reduced following cisplatin- and carboplatin-induced DNA damage. We also show that damage-induced phosphorylation of the RPA2 subunit of replication protein A, a key PIKK target, directly correlates with the extent of replication inhibition in individual cells. Our data provide new insights into the role of polη and downstream signalling pathways in the processing of DNA damage induced by platinum-based anti-cancer drugs.

Results
=======

Enhanced cisplatin- and carboplatin-induced replication inhibition in polη-deficient cells
------------------------------------------------------------------------------------------

To directly investigate the role of polη in replication of platinum-damaged DNA *in vivo*, XP30RO and TR30-2 cells were either mock-treated or treated with cisplatin (1.7 μM) or carboplatin (50 μM)[@b25]. Cell cycle distribution was determined using flow cytometry, and replication fork progression was analysed by DNA combing. Cisplatin and carboplatin induced S-phase arrest in both cell lines. Consistent with our previous report[@b25], S-phase accumulation was significantly higher in polη-deficient XP30RO cells compared to TR30-2 cells expressing polη.

Accumulation of cells in S-phase is a result of inhibition of DNA replication, as determined by analysis of BrdU incorporation ([Fig. 1a, b](#f1){ref-type="fig"}). While the percentage of cells in S-phase increased in both cell lines following treatment with cisplatin or carboplatin, two separate populations of S-phase cells could be identified ([Fig. 1a](#f1){ref-type="fig"}). Thus, in addition to BrdU-positive S-phase cells, a population of cells having S-phase DNA content but with greatly decreased BrdU incorporation could be identified ([Fig. 1a](#f1){ref-type="fig"}). These two cell populations have been termed 'normal replication' and 'inhibited replication', respectively ([Fig. 1a](#f1){ref-type="fig"}). The percentage of S-phase cells showing inhibited replication was significantly higher in polη-deficient XP30RO cells compared to TR30-2 cells expressing polη, as determined using two-way ANOVA ([Fig. 1b](#f1){ref-type="fig"}). Thus, after treatment of XP30RO cells with 50 μM carboplatin, 26% of S-phase cells showed inhibited replication, while this value was 43.4% in cells treated with 1.7 μM cisplatin ([Fig. 1a, b](#f1){ref-type="fig"}). The increase in the percentage of cells with inhibited replication observed in the absence of polη was DNA damage-dependent, since polη expression did not influence the percentage of cells in S-phase in the absence of platinum treatment ([Fig. 1a, b](#f1){ref-type="fig"}, mock-treated). Thus, following exposure to platinum-based DNA damaging agents, the extent of DNA replication inhibition in S-phase cells is dependent on polη expression.

Effect of polη expression on nascent DNA strand length following DNA damage
---------------------------------------------------------------------------

To directly determine whether the decrease in BrdU incorporation in cisplatin- and carboplatin-treated XP30RO cells ([Fig. 1](#f1){ref-type="fig"}) was due to a deficiency in polη during replication of DNA containing platinum-induced lesions *in vivo*, the length of individual nascent DNA strands was analysed using DNA combing in polη-expressing and polη-deficient fibroblasts exposed to cisplatin or carboplatin ([Fig. 2](#f2){ref-type="fig"}). Before harvesting, cells were pulse-labelled for 15 min with IdU, followed by 60 min labelling with CldU ([Fig. 2a](#f2){ref-type="fig"}). Differential labelling of nascent DNA using two modified nucleosides allowed strands derived from newly-fired origins and from stalled replication forks to be distinguished ([Fig. 2a, b](#f2){ref-type="fig"}). For each experimental condition, individual DNA fibres were uniformly stretched on glass coverslips, and visualized by fluorescence microscopy using specific antibodies to detect IdU, CldU and total DNA ([Fig. 2b](#f2){ref-type="fig"}). Only fibres that were stained for both IdU (green) and CldU (red) were included in the subsequent analysis ([Fig. 2c](#f2){ref-type="fig"}). Merged replicons and origins that fired during the second pulse (characterised by fibres stained for CldU but not for IdU) were therefore excluded from the analysis. For each fibre, only the length of the CldU track was measured ([Fig. 2c](#f2){ref-type="fig"}, green tracks).

In the absence of cisplatin or carboplatin, the mean fibre length in both cell lines was approximately 82 kb ([Fig. 2e](#f2){ref-type="fig"}; [Suppl. Fig. 1a](#s1){ref-type="supplementary-material"}). Compared to mock-treated cells, there was no statistically significant difference in the mean length of nascent DNA strands, or in the replication fork rate, when TR30-2 cells expressing polη were treated with 1.7 μM cisplatin or 50 μM carboplatin ([Fig. 2a, b](#f2){ref-type="fig"}; [Suppl. Fig. 1a](#s1){ref-type="supplementary-material"}). However, following treatment of polη-deficient XP30RO cells for 24 h with 50 μM carboplatin, the frequency of shorter fibres was increased, visible as a shift towards shorter fibre lengths on the frequency distribution graphs ([Fig. 2d](#f2){ref-type="fig"}). The mean fibre length decreased to 69.1 kb, compared to 82.3 kb and 82.0 kb in mock-treated XP30RO and TR30-2 cells, respectively. The difference in mean fibre length was greater in XP30RO cells treated with 1.7 μM cisplatin ([Fig. 2e](#f2){ref-type="fig"}; [Suppl. Fig. 1a](#s1){ref-type="supplementary-material"}). In this case, the mean DNA strand length was 48.2 kb in XP30RO cells, compared to 78.9 kb in TR30-2 cells, representing a 39% decrease in fibre length in the absence of polη. The replication fork rate was also decreased in XP30RO cells treated with cisplatin or carboplatin ([Suppl. Fig. 1a](#s1){ref-type="supplementary-material"}). This data provides the first direct evidence *in vivo* that polη-deficiency results in a statistically significant reduction ([Fig. 2e](#f2){ref-type="fig"}; Mann-Whitney test, p \< 0.0001) in the mean length of nascent DNA strands in XP30RO cells treated with cisplatin or carboplatin.

Cisplatin- and carboplatin-induced DNA damage responses
-------------------------------------------------------

Since polη deficiency leads to replication arrest and a reduction in the length of nascent strands in cells treated with cisplatin or carboplatin, we investigated the relationship between inhibition of DNA synthesis and activation of DNA damage responses in XP30RO and in TR30-2 cells. Protein samples from mock-treated cells and cells exposed to cisplatin and carboplatin were analysed by western blotting for polη expression and for key DNA damage responses, including phosphorylation of Chk1, RPA2 and H2AX. Consistent with *POLH* being mutated in XP30RO cells[@b6][@b7], polη protein was undetectable in XP30RO cell extracts but was expressed in TR30-2 cells ([Fig. 3a](#f3){ref-type="fig"}).

The PIKK ATR is activated in an ATRIP-dependent manner in response to single-stranded DNA generated at arrested replication forks[@b26][@b27]. ATR-mediated phosphorylation of Chk1 on serine 317 directly modulates the DNA damage response by regulating S-phase arrest and mitotic entry[@b28]. Compared to mock-treated cells, Chk1 phosphorylation on Ser317 was elevated in the polη-deficient XP20RO cell line ([Fig. 3a](#f3){ref-type="fig"}). Chk1 phosphorylation was detectable by 6 h after exposure to both cisplatin and carboplatin, and peaked at 24 h post-treatment in both cell lines ([Suppl. Fig. 2](#s1){ref-type="supplementary-material"}), consistent with sustained replication arrest in these cells ([Fig. 1](#f1){ref-type="fig"}). During this time period, the level of total Chk1 did not change ([Suppl. Fig. 2](#s1){ref-type="supplementary-material"}). At 36 h and 48 h post-treatment, the level of phosphorylated Chk1 and total Chk1 decreased ([Suppl. Fig. 2](#s1){ref-type="supplementary-material"}). Based on analysis of the apoptotic markers, cleaved caspase 3 and PARP-1, there was little evidence of apoptosis 24 h after treatment of cells with 1.7 μM cisplatin or 50 μM carboplatin ([Fig. 3a](#f3){ref-type="fig"}). The observed decrease in Chk1 levels at 36 h and 48 h post-treatment may reflect proteolytic degradation of Chk1 in cells that are undergoing apoptosis as a result of prolonged drug exposure[@b29].

Following replication arrest, PIKK-dependent phosphorylation of histone H2AX on Ser139 (generating γH2AX) was found to stabilize stalled forks and prevent their collapse[@b20] as well as to function in DNA strand break signalling[@b30]. In the present study the levels of γH2AX were found to be elevated in polη-deficient cell lines compared to cells expressing polη ([Fig. 3a](#f3){ref-type="fig"}). Slight phosphorylation of H2AX was detectable at 6 h post-treatment with cisplatin and carboplatin, and the level of γH2AX increased with time up to 48 h post-exposure ([Suppl. Fig. 2](#s1){ref-type="supplementary-material"}). Induction of H2AX phosphorylation occurred earlier and to a higher level in response to 1.7 μM cisplatin compared to 50 μM carboplatin ([Suppl. Fig. 2](#s1){ref-type="supplementary-material"}). In contrast to Chk1 phosphorylation, γH2AX formation is a later event, and is significantly enhanced from 24 h post-drug exposure, especially in XP30RO cells ([Suppl. Fig. 2](#s1){ref-type="supplementary-material"}). This could be due to prolonged replication fork arrest, and fork collapse when polη-deficient cells attempt to progress through S-phase in the presence of damaged DNA[@b19].

Trimeric replication protein A (RPA), the main single-stranded DNA binding protein in human cells, plays a role in all aspects of DNA metabolism including replication, recombination and repair. Phosphorylation of the 34 kDa RPA2 subunit occurs in a cell cycle-dependent manner, and in response to DNA damage[@b15][@b31][@b32]. In cells undergoing replication stress, RPA-coated single-stranded DNA activates ATRIP-dependent ATR signalling[@b31]. Following replication arrest, ATR phosphorylates RPA2 on Ser33[@b27] and the protein is also phosphorylated on Thr21 by other PIKKs[@b31]. We have previously shown that RPA2 is phosphorylated on Ser33 by ATR[@b15] in response to platinum-based chemotherapeutic agents. In response to UVR-, IR- and platinum-induced DNA damage, RPA2 is further phosphorylated on Ser4/Ser8 in a DNA-PK-dependent manner, generating a distinct hyperphosphorylated form of the protein with reduced mobility upon SDS-polyacrylamide gel electrophoresis[@b15][@b23][@b33][@b34]. Hyperphosphorylated RPA2 can be detected using anti-RPA2 antibody as a band corresponding to a slower mobility form ([Fig. 3](#f3){ref-type="fig"}, dashed arrow). Here, the induction of RPA2 phosphorylation on Ser4/Ser8 was confirmed by the use of an anti-phospho-Ser4/Ser8 RPA2 antibody. Consistent with a role for RPA2 phosphorylation in the cellular response to replication arrest[@b25], the level of RPA2 phosphorylated on Ser4/Ser8 was significantly higher in polη-deficient XP30RO cells compared to TR30-2 cells that express polη ([Fig. 3a](#f3){ref-type="fig"}). The timing of RPA2 phosphorylation was similar to that of H2AX phosphorylation rather than Chk1 phosphorylation, being detected at later times post-treatment. Thus, phosphorylation was first detected 12 h post-treatment with cisplatin, and 24 h post-treatment with carboplatin, with the peak signals being detected at 24 h and 36 h post-exposure, respectively ([Suppl. Fig. 2](#s1){ref-type="supplementary-material"}). The timing of RPA2 phosphorylation on Ser4/Ser8 was also confirmed by quantitative immunofluorescence (data not shown). Phosphorylated RPA2 and γH2AX were found to co-localise in nuclear foci in cisplatin-treated XP30RO cells ([Fig. 3b](#f3){ref-type="fig"}), consistent with a role for phosphorylated RPA2 at sites of DNA strand breaks possibly arising from replication arrest and fork collapse, as we and others have previously proposed[@b15][@b23][@b24].

Overall, following exposure of polη-deficient XP30RO cells to cisplatin and carboplatin, inhibition of DNA synthesis leads to enhanced intra-S checkpoint activation and phosphorylation of DNA damage response proteins including H2AX and RPA2 ([Fig. 3](#f3){ref-type="fig"}).

Quantitative analysis of the association between replication inhibition and RPA2 phosphorylation on Ser4/Ser8
-------------------------------------------------------------------------------------------------------------

Given that platinum-induced phosphorylation of RPA2 on Ser4/Ser8 was enhanced in cells lacking polη ([Fig. 3](#f3){ref-type="fig"}) in which replication was also strongly inhibited ([Fig. 1](#f1){ref-type="fig"}, [2](#f2){ref-type="fig"}), we used quantitative immunofluorescence to investigate the relationship between replication inhibition and RPA2 phosphorylation on Ser4 and Ser8 in individual cells. This was studied directly using 'click chemistry' to monitor incorporation of the modified nucleoside EdU during DNA replication, and immunofluorescence to determine the extent of RPA2 phosphorylation on Ser4/Ser8 ([Fig. 4a](#f4){ref-type="fig"}).

Consistent with data above ([Fig. 1](#f1){ref-type="fig"}), the mean relative EdU intensity was reduced in cells treated with cisplatin or carboplatin, compared to mock-treated cells ([Fig. 4b](#f4){ref-type="fig"} and [Suppl. Tab. 1a](#s1){ref-type="supplementary-material"}). EdU incorporation was inhibited to a greater extent in polη-deficient XP30RO cells compared to TR30-2 cells. Thus, in XP30RO cells treated with 50 μM carboplatin, the mean relative EdU intensity decreased by 5.7-fold compared to mock-treated cells, while the same treatment resulted in a 2.7-fold decrease in EdU intensity in TR30-2 cells ([Fig. 4b](#f4){ref-type="fig"}, and [Suppl. Table 1](#s1){ref-type="supplementary-material"}). Following cisplatin treatment, the difference between polη-deficient and polη-expressing cells was more pronounced. When compared to mock-treated samples, the mean relative EdU intensity decreased by 7.3-fold in XR30RO cells, and by 3.2-fold in TR30-2 cells ([Suppl. Table 1](#s1){ref-type="supplementary-material"}), further supporting a role of polη in replication of platinum-damaged DNA *in vivo*. We have shown previously that in polη-deficient XP30RO cells, carboplatin-induced RPA2 phosphorylation on Ser4/Ser8 occurred primarily in cells in S-phase, and to a lesser extent in G2/M-phase cells[@b25]. Treatment with cisplatin or carboplatin for 24 h leads to S-phase arrest ([Fig. 1](#f1){ref-type="fig"}) and to RPA2 phosphorylation on Ser4/Ser8 ([Fig. 3](#f3){ref-type="fig"}). In order to directly investigate the correlation between DNA replication inhibition and phosphorylation of RPA2 on Ser4/Ser8, we determined the fraction of EdU-positive S-phase cells that were also positive for phospho-Ser4/Ser8 RPA2. In mock-treated cells, these values were below 0.5% for each cell line, reflecting the fact that phosphorylation of RPA2 on Ser4/Ser8 is DNA damage-dependent ([Fig. 4c](#f4){ref-type="fig"}). Consistent with western blotting data ([Fig. 3](#f3){ref-type="fig"}), cisplatin- and carboplatin-induced RPA2 phosphorylation was strongly associated with polη deficiency ([Fig. 4c](#f4){ref-type="fig"}). 15% of S-phase XP30RO cells were positive for phospho-Ser4/Ser8 RPA2 following carboplatin treatment, while up to 37% of cells were positive following treatment with cisplatin ([Fig. 4c](#f4){ref-type="fig"}). In contrast, in TR30-2 cells expressing polη, 24 h following DNA damage only 2-5% of S-phase cells were positive for phosphorylated RPA2 ([Fig. 4c](#f4){ref-type="fig"}).

To directly correlate DNA replication status with phosphorylation of RPA2 on Ser4/Ser8, we carried out quantitative analysis of the level of EdU incorporation in carboplatin- or cisplatin-treated XP30RO cells that were positive for phospho-Ser4/Ser8 RPA2. XP30RO cells were treated for 24 h with the indicated doses of cisplatin or carboplatin, conditions which generate elevated levels of phospho-Ser4/Ser8 RPA2-positive nuclei. Around 90% of phospho-Ser4/Ser8 RPA2-positive cells were also positive for EdU incorporation ([Fig. 4d](#f4){ref-type="fig"}), consistent with the our previous report that DNA damage-induced RPA phosphorylation on Ser4/Ser8 occurs primarily in S-phase cells[@b25]. However, analysis of the intensity of EdU staining in individual cells revealed that phosphorylation of RPA2 on Ser4/Ser8 occurred mainly in cells with the lowest level of EdU incorporation, that is, in which DNA replication was strongly inhibited. As shown in [Fig. 4d](#f4){ref-type="fig"}, using the mean relative EdU staining intensity for the entire cell population as a threshold value, it was found that following carboplatin treatment, 69.5% of phospho-Ser4/Ser8 RPA2-positive cells had a level of EdU incorporation below the threshold value ([Fig. 4d](#f4){ref-type="fig"}, [Suppl. Tab. 1c](#s1){ref-type="supplementary-material"}). Similarly, following cisplatin treatment, 66.2% of phospho-Ser4/Ser8 RPA2-positive XP30RO cells were also in the low EdU staining category ([Fig. 4d](#f4){ref-type="fig"}). This data provides the first direct evidence at the level of individual cells that RPA2 phosphorylation on Ser4/Ser8 occurs in cells where DNA replication is severely inhibited ([Fig. 4d](#f4){ref-type="fig"}).

Discussion
==========

Given that cells lacking polη are more sensitive to platinum-based chemotherapeutic drugs[@b13] and that the level of endogenous polη can modulate the sensitivity of non-small lung cancer cells to platinum-based drugs[@b35] a better understanding of the role of polη in replication of DNA containing platinum-induced damage is important for cancer chemotherapy. Elucidation of the structure of polη, crystallized in the presence of an intrastrand cisplatin adduct formed between two adjacent guanines, has provided a biochemical basis for these observations[@b36][@b37]. Although the major biological role of polη is in bypass of UV-induced thymine-thymine CPDs in DNA, the open active site cleft of polη can also accommodate a platinum adduct without major rearrangement of the structure of the protein[@b37].

Consistent with our previous reports[@b15][@b25], following treatment with cisplatin and carboplatin, polη-deficient XP30RO cells accumulate in S-phase, while BrdU incorporation is strongly inhibited as a consequence of replication arrest in the presence of platinum-induced DNA damage. In order to elucidate the role of polη expression in determining the extent of replication inhibition, we used DNA combing to analyse DNA replication at the level of individual nascent DNA strands. We found that after treatment with cisplatin or carboplatin for 24 h nascent DNA fibres were up to 39% shorter in XP30RO cells lacking polη when compared to TR30-2 cells expressing polη. The observation that the fork rate is also reduced in the absence of polη in platinum-treated cells ([Suppl. Fig. 1a](#s1){ref-type="supplementary-material"}) supports a role for polη during bypass of platinum-induced lesions at the arrested fork, rather a model involving repriming and lesion bypass by polη during a subsequent gap-filling step[@b38]. There was no difference between the mean lengths of DNA fibres in mock-treated polη-expressing cells and polη-deficient cells, consistent with previous reports that, while polη plays a role in DNA replication at fragile sites, it not required for DNA synthesis on most non-damaged templates[@b24][@b39][@b40]. The present data provides the first direct evidence that polη expression modulates DNA synthesis on platinum-damaged DNA in human cells *in vivo*. Targeting polη-dependent TLS could therefore represent one potential approach to improving the efficacy of platinum-based drugs in cancer therapy[@b13][@b14][@b37][@b41]. Given that polη has also been reported to play a role in the processing of platinum-induced ICLs[@b16], further investigation is required to establish the relative contribution of each class of lesion to the replication arrest and increased phosphorylation of DNA damage response proteins observed in platinum-treated polη-deficient cells.

It was of interest to characterise the DNA damage responses that were activated following treatment with cisplatin and carboplatin. While drug exposure did not reduce the length of DNA strands synthesized in TR30-2 cells expressing polη, as determined by DNA combing, incorporation of halogenated nucleosides was significantly inhibited as determined using FACS analysis ([Fig. 1a, b](#f1){ref-type="fig"}) and immunofluorescence ([Fig. 4a, b](#f4){ref-type="fig"}). This could reflect activation of the Chk1-mediated S-phase checkpoint ([Fig. 3](#f3){ref-type="fig"}) in TR30-2 cells, consistent with the report that dissociation of DNA damage-activated Chk1 is crucial for efficient recruitment of polη to sites of damage[@b42]. Chk1-mediated activation of the S-phase checkpoint could also allow more time for repair of platinum-DNA lesions present on the template strand[@b21][@b43]. Active checkpoint signalling also inhibits S-phase progression by preventing new origins from firing[@b24][@b44][@b45]. We found that cisplatin and carboplatin treatment reduced the frequency of origin firing, independent of polη expression, with an up to 37% reduction following cisplatin treatment ([Suppl. Fig. 1b](#s1){ref-type="supplementary-material"}). In polη-deficient XP30RO cells, incorporation of halogenated nucleosides is strongly inhibited upon treatment with cisplatin or carboplatin. This may be a cumulative effect of both reduced lesion bypass and checkpoint-dependent inhibition of origin firing[@b24]. However, the DNA damage-dependent increase in phosphorylation of RPA2 on Ser4/Ser8 in XP30RO cells depends on inhibition of DNA replication, since the level of damage-induced RPA2 phosphorylation is significantly lower in TR30-2 cells expressing polη. We have previously reported that platinum-induced phosphorylation of RPA2 on Ser4/Ser8 occurs predominantly in S-phase cells[@b25]. Here, we directly link RPA2 phosphorylation on Ser4/Ser8 with severe replication inhibition. While the present analysis of EdU fluorescence intensity does not distinguish between early, mid- or late S-phase cells, since the frequency distribution graphs and BrdU incorporation profiles ([Fig. 1a, b](#f1){ref-type="fig"}) show that arrested cells are distributed throughout S-phase, it is unlikely that all XP30RO cells with relative EdU fluorescence intensities below the threshold value represent early S-phase cells.

Based on our observations, we propose that in polη-deficient cells, DNA synthesis on the leading strand is impaired by platinum-induced intrastrand DNA lesions, which can lead to uncoupling of the DNA polymerase and helicase activities at the replication fork. This results in accumulation of ssDNA, enhanced RPA binding and PIKK-mediated checkpoint signalling. In support of this conclusion, cells treated with UV radiation, which, like platinum-based drugs, does not directly induce DSBs, show a similar pattern of accumulation of RPA-coated ssDNA[@b24] and γH2AX formation[@b24]. Uncoupling of helicase and polymerase activities during replication of cisplatin-damaged DNA has been reported previously in *Xenopus* egg extracts[@b46]. UV radiation- and cisplatin-induced inhibition of DNA synthesis in human cells lacking polη also leads to accumulation of ssDNA and formation of double strand ends due to collapse of stalled replication forks[@b15][@b23][@b24], consistent with co-localisation of phosphorylated RPA2 and γH2AX in nuclear foci in XP30RO cells ([Fig. 3B](#f3){ref-type="fig"}).

Overall, the present data provide novel insights into the cellular processes that modulate the response of human cells to treatment with cisplatin and related platinum-based drugs, and suggest that targeting polη-mediated lesion bypass may represent one approach to potentiate the inhibitory effects of platinum-based drugs on DNA replication in cancer cells.

Methods
=======

Cell culture
------------

The SV40-transformed human skin fibroblast cell lines XP30RO (GM03617A) and TR30-2, were grown in Minimal Essential Medium (MEM), Eagle-Earle BSS supplemented with 10% non-heat inactivated fetal bovine serum (FBS), 2× essential and non-essential amino acids, vitamins and 2 mM L-glutamine. XP30RO cells lack functional polη as result of 13-base pair deletion in *POLH*[@b6][@b7]. The TR30-2 cell line constitutively expresses wild-type polη, following stable transfection of XP30RO cells with a *POLH* transgene, as previously described[@b23].

Cell treatment
--------------

Cells were treated with cisplatin (1 mg/ml stock solution, Hospira UK Limited) or carboplatin (Sigma; 20 mM stock solution prepared in distilled water), 48 h after plating, at approximately 80% confluence. Drugs were added directly to the cell culture medium. Control cell cultures were treated with the equivalent volume of water only. Cells were treated with cisplatin (1.7 μM; 0.5 μg/ml) and carboplatin (50 μM; 18.6 μg/ml). Apoptotic cells were obtained by collecting floating cells following treatment with a high dose of cisplatin (17 μM) for 24 h.

Western immunoblotting
----------------------

Whole cell lysates were prepared as described previously[@b23]. Protein concentration was determined using the DC assay (BioRad). Proteins were separated by SDS-PAGE, transferred to PVDF membrane, and analyzed by western immunoblotting. Where indicated, membranes were probed overnight at 4°C with one of the following antibodies: anti-DNA polymerase η (1/1000, Abcam), anti-RPA2 (1/4000, Oncogene Research Products), anti-phosphoSer4/Ser8 RPA2 (1/4000, Bethyl Laboratories), anti-Chk1 (1/1000, Sigma), anti-phosphoSer317 Chk1 (1/1000, Cell Signalling), anti-phosphoSer139-H2AX (1/1000, Upstate Technologies), anti-actin (1/5000, Sigma), anti-cleaved caspase-3 (1/1000, Cell Signalling) and anti-cleaved-PARP (1/2000, Cell Signalling). Blots were incubated with horseradish peroxidase-linked secondary antibody (Jackson Immunochemicals) and visualized using the ECL^+^ chemiluminescence method (Amersham).

Flow cytometry
--------------

Cell cycle progression was analysed by flow cytometry. Cells were pulse-labelled with 10 μM bromodeoxyuridine (BrdU) for 75 min before harvesting. Samples were analysed using a FACSCalibur (BD Biosciences), and Cell Quest™ software as described previously[@b23].

DNA combing
-----------

Cells were plated in 100 mm dishes, 36--48 h before treatment with cisplatin or carboplatin for 24 h. Before harvesting, cells were pulse-labelled with 20 μM iodo-deoxyuridine (IdU) for 15 min, followed by 1 h incubation with 200 μM chloro-deoxyuridine (CldU) in 7 ml of pre-warmed medium. Cells were then harvested, counted, resuspended in PBS and diluted 1 in 2 in 1% (w/v) low melting point agarose (Molecular Probes) to a final concentration of 8 × 10^5^ cells/ml. Agarose plugs were formed using 100 μl of cells (4 × 10^4^ cells) suspended in agarose. Solidified plugs were incubated in 10 mM Tris-HCl buffer (pH 7.5) containing 50 mM EDTA, 1% (w/v) Sarkosyl (Sigma) and 2 mg/ml proteinase K (Roche) for 48 h, at 50°C in the dark. Further steps were performed as previously described[@b47][@b48][@b49]. Briefly, DNA fibres extracted from cells were stretched on silanized coverslips and counterstained using a mouse monoclonal antibody against ssDNA (MAB3034; Chemicon; 1/500) and anti-mouse IgG2a coupled to Alexa 647 (A21241, Molecular Probes, 1/50). IdU was detected using B44 mouse anti-BrdU antibody (Becton Dickinson, 1/20) and Alexa-Fluor 546-conjugated anti-mouse IgG1 secondary antibody (A21123, Molecular Probes, 1/50). CldU was detected using BU1/75 anti-BrdU antibody (AbCys, 1/20) and Alexa-Fluor 488-conjugated anti-rat secondary antibody (A11006, Molecular Probes, 1:50). DNA fibres were analysed on a Leica DM6000B microscope (40× objective), equipped with a CoolSNAP HQ CCD camera (Roper Scientific). Data acquisition and fibre length analysis was performed using MetaMorph (Roper Scientific). Only fibres stained for both IdU and CldU were included in the statistical analysis, and only the length of the CldU-labelled region was measured[@b49].

To generate images, representative DNA fibres were selected from different fields and processed with Adobe Photoshop, as described previously[@b48][@b49]. Graphs were plotted using Prism v5.0 (GraphPad Software). Frequency distribution graphs represent the fraction of fibres of particular lengths. A Gaussian non-linear regression curve was fitted to the data. Statistical analysis was performed in Prism v5.0 (GraphPad Software) using the non-parametric Mann-Whitney rank sum test. Origin firing analysis was performed by capturing random, distant fields on the ssDNA fluorescence channel and measuring at least 80 Mbp of DNA fibres per experimental condition. Replication origins were scored based on IdU and CldU incorporation, taking incorporation of either IdU, CldU or both labels to be the result of an ongoing fork. The percentage of the measured DNA that is derived from S-phase cells was obtained by multiplying the total length of the analysed DNA by the fraction of cells in S-phase, as determined from BrdU incorporation experiments. The origin density was calculated by dividing the length of the S-phase DNA by the number of origins. Results are expressed as Mb of S-phase DNA per ori \[Mb/ori\].

Analysis of DNA replication by fluorescence microscopy
------------------------------------------------------

DNA replication was analysed using the azide-alkyne Huisgen cycloaddition reaction ('click chemistry') and fluorescence microscopy to determine the extent of incorporation of ethynyl-deoxyuridine (EdU) into genomic DNA[@b50]. Cells were grown on glass coverslips, treated with cisplatin or carboplatin as described and pulse-labelled with 10 μM EdU for 75 minutes. Cells were pre-permeabilised[@b51] and fixed in 4% (v/v) PFA for 15 minutes at room temperature. Cells were washed three times with PBS, permeabilised with 0.1% (v/v) Triton X-100 in PBS (PBS-TX) for 20 min, and blocked using PBS containing 20% (v/v) NGS (Sigma), 0.5% (w/v) BSA and 0.1% Triton X-100 for 30 min at room temperature. Cells were then stained using rabbit anti-phosphoSer4/Ser8-RPA2 (1/200, Bethyl Laboratories). Coverslips were washed five times with PBS-TX for 5 minutes before the click chemistry reaction was initiated[@b50]. Cells were incubated for 30 min at room temperature in PBS containing 10 mM (+)-sodium-L-ascorbate, 0.1 mM 6-carboxyfluorescein-TEG azide and 2 mM copper (II) sulphate. Coverslips were washed and stained using goat anti-rabbit Alexa-Fluor 488-labelled antibody (A11008, Molecular Probes, 1/50). Nuclear DNA was subsequently stained with DAPI, and the cells were mounted on slides in SlowFade (Invitrogen). Images were captured using a DeltaVision Core system (Applied Precision) controlling an interline charge-coupled device camera (Coolsnap HQ^2^; Roper) mounted on an inverted microscope (IX-71; Olympus). For each sample, images were collected at 2× binning using a 60× oil objective at 0.2 μm z sections, and processed as described previously[@b52]. Briefly, images were deconvolved and the maximum intensity was projected using SoftWoRx (Applied Precision). For quantification, unscaled DeltaVision images were used. EdU signal intensity was determined using ImagePro 6.3. Using the DAPI signal to define the nucleus, a mask was generated that was applied to the images in the FITC channel, and the mean fluorescence intensity was measured. For each individual sample, a mean background intensity value, obtained from five different areas outside the 'nucleus' mask, was subtracted from the values obtained from nuclear staining. The mean intensity obtained from EdU-negative nuclei (defined based on threshold values and visible EdU staining) was then determined and subtracted from the mean signal in EdU-positive cells.

Phospho-Ser4/Ser8 RPA2 and phospho-Ser139 H2AX foci were analysed using double-staining indirect immunofluorescence. Cells were treated, pre-permeabilised and fixed as described above. Anti-phospho-Ser139-H2AX antibody (Upstate Technologies) was used at 1/8000 dilution, and detected using goat anti-rabbit Alexa-Fluor 594-labelled secondary antibody (Jackson Immunochemicals). The samples were processed and analysed by fluorescence microscopy as described above.
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![Cell cycle progression and DNA replication analysis in carboplatin- and cisplatin-treated cells lacking or expressing DNA polymerase η.\
Cells expressing (TR30-2) or lacking (XP30RO) polη were treated for 24 h with the indicated doses of cisplatin and carboplatin. Cells were incubated with 10 μM BrdU before fixing and staining with propidium iodide (PI) and anti-BrdU-FITC antibody as described in Materials and Methods. (a) Representative flow cytometry (PI- and BrdU-stained) dot plots are presented. Populations of cells with S-phase DNA content were divided in two groups termed normal replication and inhibited replication, based on BrdU staining. Asterisks indicate statistically significant differences in the percentage of cells exhibiting replication inhibition, determined using the two-way ANOVA test. (b) The mean percentage of cells in the indicated groups +/− SEM values, derived from four independent experiments, is presented in Table format.](srep03277-f1){#f1}

![Analysis of DNA replication by DNA combing.\
(a) A schematic outline of the DNA combing protocol is shown. (b) DNA fibres were visualized using specific primary antibodies and fluorescently-labelled secondary antibodies. A representative fibre is shown. Single-stranded DNA is shown in blue, IdU-labelled DNA in red, and CldU-labelled DNA in green. (c) Representative, individual DNA fibres for each experimental condition are presented. (d) The frequency distribution of fibres of particular lengths is presented as histograms plots. Data represent the population of fibres obtained by measuring at least 150 individual DNA fibres for selected experimental conditions, in two independent experiments. The red line indicates a Gaussian curve fitted to the data. (e) Data are presented as inbox-and-whiskers graphs. Each box represents the 25th and 75th percentile (the lower and upper quartiles, respectively). The median (50th percentile) is marked as the line near the middle of the box. Data not included between the whiskers are plotted as outliers (dots). Data was analyzed by the use of the Mann-Whitney test. Asterisks indicate statistically significant differences.](srep03277-f2){#f2}

![Carboplatin- and cisplatin-induced DNA damage responses and apoptosis induction in cells lacking and expressing DNA polymerase η.\
(a) Pol*η*-deficient XP30RO cells and pol*η*-expressing TR30-2 cells were treated with carboplatin or cisplatin and harvested 24 h post-treatment. Pol*η*, DNA damage response proteins and apoptosis-related proteins were analysed by western blotting using specific antibodies, as described in Materials and Methods. For direct comparison, samples from both cell lines were run on the same gel. As a control for apoptosis induction, proteins, obtained from floating cells following treatment of cells with 5 μg/ml cisplatin for 24 h, were loaded in the lanes marked A. (b) Pol*η*-deficient XP30RO cells were treated for 24 h with 8.5 μM cisplatin. Immunofluorescence microscopy was carried out using phospho-specific primary antibodies against *γ*H2AX and phospho-Ser4/Ser8 RPA2, and Alexa 594- and Alexa 488-labeled secondary antibodies. DNA was counterstained with DAPI. Scale bar corresponds to 25μm.](srep03277-f3){#f3}

![Analysis of DNA replication by quantitative immunofluorescence.\
Cells expressing (TR30-2) or lacking (XP30RO) polη were grown on glass coverslips and treated with the indicated doses of cisplatin or carboplatin. 75 minutes before fixing, cells were incubated with 10 μM EdU. Click chemistry was used to visualise EdU incorporation, and immunofluorescence staining was carried out using anti-phospho-Ser4/Ser8 RPA2 primary antibody and Alexa 594-coupled secondary antibody. DNA was counterstained with DAPI. (a) Representative images from three independent experiments are presented. The scale bar corresponds to 25 μm. Arrows show representative cells which exhibit decreased EdU incorporation and increased phospho-Ser4/Ser8 RPA2 staining. (b) The EdU fluorescence signal was quantified as described in Materials and Methods. Relative EdU fluorescence values were analysed using the Mann-Whitney test; significant values are marked with asterisks. In the inbox-and-whiskers graphs, the top and bottom of each box represents the 25th and 75th percentile (the lower and upper quartiles, respectively). The median (50th percentile) is marked by the line near the middle of the box. (c) Cells positive for phospho-Ser4/Ser8 RPA2 were counted in the EdU-positive cell population. Data represent the mean from three independent experiments +/− SEM. Statistically significant differences are marked with asterisks, as determined using a two-way ANOVA test. (d) EdU staining in phospho-Ser4/Ser8 RPA2-positive cells was analysed under conditions where RPA2 phosphorylation on Ser4/Ser8 is enriched. The intensity of the EdU signal in phospho-Ser4/Ser8 RPA2-positive cells was further analysed, and categorised into values above and below the threshold value. For each condition, the threshold value was defined as the mean relative EdU intensity value from the entire EdU-positive cell population, minus twice the SEM value. Data represent the mean percentage of cells in defined categories obtained in three independent experiments +/− SEM. Statistically significant differences for both the mean EdU intensity in each category as well as mean percentage of each category are marked with asterisks.](srep03277-f4){#f4}
